ABSTRACT TAKAHASHI, I. (McMaster University, Hamilton, Ontario, Canada). Joint transfer of genetic markers in Bacillus subtilis. J. Bacteriol. 91:101-105. 1966.-To compare the processes of genetic incorporation in transduction and transformation in Bacillus subtilis, several groups of linked markers were selected and the degree of linkage was determined by the two means ol genetic exchange. Bacteriophage PBS 1 was used in transduction experiments. In all cases, frequencies of joint transfer, as expressed by the cotransfer index or by percentage of joint transfer, were higher in transduction than in transformation. With a pair of closely linked markers, the frequency of joint transduction was only slightly higher than that of joint transformation. On the other hand, a considerably higher degree of linkage was obtained by transduction when loosely linked markers were examined. It appears that the size of donor chromosome transferred by transducing phage particles is much larger than that incorporated by recipient cells in transformation. It is suggested that transduction in B. subtilis may be a useful tool in extending further the linkage groups established by the transformation technique.
In Bacillus subtilis, genetic analyses have been undertaken mostly by means of transformation (9) mediated by free deoxyribonucleic acid (DNA). Recently, transducing phages PBS 1 (10) and SPIO (Thorne, Federation Proc. 20:254, 1961) for the same organism have been isolated. Previous studies with phage PBS 1 indicate that the phage is capable of generalized transduction in various strains of B. subtilis (10, 11) . On the other hand, phage SP10 can grow only on strain W23 and its derivatives, although this phage is able to transmit genetic material from W23 to other strains on which the phage does not grow (14) . The recent isolation of these transducing phages makes possible a comparison of the process of genetic incorporation in transformation with that in transduction.
Ephrati-Elizur and Fox (4) made a comparative study of the tryptophan-histidine-tyrosine linkage group with phage SP10 and concluded that, for several pairs of linked markers, the process of genetic incorporation, as expressed by the degree of linkage, is similar whether the transfer is mediated by DNA or by the bacteriophage.
In my previous studies on sporogenesis of B. subtilis, I have observed that phage PBS 1 was able to transduce four physiologically unrelated markers: a spore marker, prototrophy, resistance to erythromycin, and resistance to streptomycin (12) . Since joint transformation in B. subtilis has been limited to only closely linked markers, the above observation suggested that the size of donor chromosome transferred by phage PBS 1 might be larger than that incorporated into recipient cells in transformation. If this were the case, frequencies of pairs of markers which are transferred simultaneously by phage PBS 1 should be higher than those in transformation. To test this possibility, several groups of linked markers were selected, and frequencies of joint transfer obtained in transformation and transduction were compared. Portions of this study have been reported elsewhere (Takahashi, Bacteriol TAKAHASHI ery-rstr-r); SB202 (aror-try2-his2-tyrl-); IT (try2-tyrl-); MIL (merileleu-). Strains 168 and SB202 were supplied by E. W. Nester. Strains Sp-lE and SB19E
were described previously (12) . Strain IT was a spontaneous revertant of SB202. Strain MIL was a spontaneous revertant of MILT (metile4leuethy-) of J. L. Farmer.
Culture media. Penassay Broth (Difco) was used routinely to prepare broth cultures. The minimal medium of Spizizen (9) and the same medium supplemented with appropriate amino acids (25 pg/ml) were used to score transductants and transformants for amino acid markers. Tryptose Blood Agar Base (Difco) was used to obtain inocula and to detect antibiotic-resistant transductants and transformants. Schaeffer's sporulation agar was used to score spj recombinants (12) .
Transformation. Transformation experiments were carried out as described previously (13) . Concentrations of DNA employed in the present study were 0.02 to 0.05 1ig/ml to avoid the simultaneous infection of recipient cells by more than one DNA molecule, for it was found in a preliminary experiment that the saturation concentrations for various markers tested were 0.1 to 1.0 pg/mi.
Transduction. The bacteriophage PBS 1 (10) was used in the transduction experiments. Methods for the preparation of phage lysates and for the estimation of plaque-forming particles were as described previously (11) . Recipient cultures in Penassay Broth at the end of the logarithmic phase of growth were mixed with phage lysates at a multiplicity of infection of 1, and were incubated with shaking for an additional 30 min. The infected cells were plated on appropriate media to score transductants for amino acid markers. The technique for scoring antibiotic-resistant transductants was described previously (12, 13) . Transduction with strain MIL was carried out with cells grown in the minimal medium supplemented with 0.05% each of yeast extract (Difco) and Casamino Acids (Difco). All incubations were at 37 C.
RESULTS
As it was found earlier that a spore marker, sp 1, was linked to the ery-r marker at a fairly high frequency by transduction (12) , it was of interest to know the degree of linkage between these two markers in transformation. However, since the recipient culture (Sp-l) used in the transduction experiments was nontransformable (10) , this strain could not be used in transformation experiments. In the present study, frequencies of joint transfer of sp-and ery-r markers instead of sp+ and ery-r were compared by use of the transformable strain 168, which is sp+ and sensitive to erythromycin, as recipient and Sp7-E (sp ery-r) as donor. The recipient culture was treated with donor DNA or with PBS 1 lysates to obtain ery-r transformants or transductants. The ery-r colonies (about 100) were transferred to sporulation agar to determine the proportion of sp-clones among ery-r transformants and transductants. The sp-colonies remained creamy white in color on the sporulation agar, whereas sp+ colonies became dark brown after 2 to 3 days of incubation. Table 1 shows the results of three independent experiments. Among ery-r transductants 37.4% were sp-, whereas only 4.4% of the transformants received these markers jointly.
It is known that a population of B. subtilis usually contains a small number of asporogenous bacteria as a result of spontaneous mutation. Thus, a question may be raised as to whether the doubly transduced or transformed clones (spery-r) are the result of a spontaneous mutation of sp+ ery-r bacteria to sp-ery-r, or whether they have really received the two markers simultaneously. The following observations suggest that the latter is the case. When strain Sp-lE, which was used as donor in the above experiments, was treated with lysates of the transformed spr-ery-r bacteria, no sp+ recombinants were found. This indicates that the spore mutation borne by the donor strain and that of the transformants are allelic. The frequencies of double transductants or transformants were much higher than those of spontaneous mutations from sp+ to sp-. Finally, all the spr ery-r clones showed the same colonial morphology and had the same reversion rate for the sporulation character.
The next pair of linked markers examined was the ery-r str-r group (13) . For this experiment, strain 168 was used as recipient and SB19E (ery-r str-r) was the donor. To determine the frequencies of the ery-r str-r type, about 100 ery-r transductants or transformants were transferred onto Tryptose Blood Agar Base containing 1,000
,ug/ml of streptomycin. As shown in Table 2, 78.9 % of the ery-r transductants were ery-r str-r, and 49.7% of the ery-r transforrants were (8) . Since strain SB202 carried four markers and yielded a considerable number of spontaneous revertants on minimal agar supplemented with three amino acids, results were expressed differently. Strain SB202 was transformed oi transduced with SB19E as donor, and was plated on minimal agar, and on minimal agar supplemented with histidine and tyrosine. Colonies which appeared on minimal agar were prototrophs (aro2+ try2+ his2+ tyri+), and those on the supplemented minimal agar were prototrophs, aro2+ try2+ his2-tyr-, aro2+ try2+ his2+ tyrl-, and aro2+ try2+ his2-tyrl+ types. Results were expressed as percentage of prototrophs in all classes of transductants or transformants. The frequency of prototrophs which received four markers jointly was nearly twice as high as that among the transformants (Table 5) .
DISCUSSION
Ephrati-Elizur and Fox (4) compared transduction mediated by phage SPIO with transformation involving several pairs of closely linked markers in the try-his-tyr group. These authors concluded that the ratio of the frequency ofjointly introduced markers to the frequency of singly introduced markers is the same, within experimental error, whether the markers are introduced by transformation or by transduction. However, examination of their data reveals that the frequencies of doubly transduced clones are consistently higher than those of double transformants. Furthermore, if the data obtained in my experiments with strain IT (equivalent to 168-SB29 used by these authors) are expressed by their method, the frequency of double transduction is 78.1%, and that of double transformation is 65.0% (average of four independent experiments). Although these values are both slightly higher than those of Ephrati-Elizur and Fox (4), the frequencies of double transduction and transformation are not greatly different. Therefore, the results of these authors appear to be in agreement with those of the present study. It may be concluded that for a pair of markers which are closely linked there is no great difference between transduction and transformation, although the frequencies obtained in transduction are always greater than those for transformation.
On the other hand, the data presented here indicate that, for a pair of markers which are loosely linked, or for a group of markers which occupy a relatively large segment of the chromosome, frequencies of joint transfer are much higher in transduction than in transformation.
The above observations suggest that transduction differs from transformation not only in the mode of transfer of genetic material but also in the size of donor chromosome which is transferred and incorporated into recipient cells. At present, no definitive explanation can be given for the differences between the two means of genetic exchange.
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